This paper presents the numerical simulation methods used to reproduce droplet retention and sliding on an inclined surface by using the Moving Particle Semi-implicit (MPS) method. The MPS method is useful for simulating free surface flows with highly deformed gas-liquid interfaces, such as the behavior of condensed water in an evaporator. However, the existing MPS method cannot correctly reproduce the behavior of a droplet retention and droplet sliding on an inclined surface. In the simulation of a droplet on a wall using the existing MPS method, the simulated droplet starts sliding as soon as the wall is inclined even slightly and falls down at a very high speed. In this study, the details of the forces acting from the wall to a droplet are considered, and the boundary condition models that contain the resistance forces acting on the contact line of a droplet are proposed. Droplet retention and droplet sliding on an inclined plate are successfully simulated by using the proposed models. Furthermore, the simulation results are compared with the experimental results reported in literature. The relationship between the droplet volume and critical sliding angle and that between the inclination angle of a slope and droplet sliding velocity are each compared using the experimental results and evaluated both qualitatively and quantitatively; they show good agreement with the experimental results.
Introduction
In automotive air-conditioning systems, evaporators cool air by heat exchange and produce condensed water. The condensed water is sometimes retained in the area between the fins, which reduces the cooling performance and produces an unpleasant odor; therefore, it is important to create a design for efficiently draining the condensed water. A simulation method is also very important to precisely predict the behavior of condensed water.
The behavior of condensed water in evaporators has two notable characteristics for modeling. First, the condensed water has a free surface flow with highly deformed gas-liquid interfaces. To numerically simulate free surface flow, the Volume of Fluid (VOF) method (Hirt and Nichols, 1981) is used with a mesh. Particle methods, such as the Moving Particle Semi-implicit (MPS) method (Koshizuka and Oka, 1996) and smoothed particle hydrodynamics (SPH) (Lucy, 1977; Gingold and Monaghan, 1977) discretize the fluid using the calculation particles that can move freely. In the particle methods, a grid mesh need not be generated in the space; therefore, these methods can drastically reduce the calculation costs when the existence ratio of the fluid in the space is low. Especially, the MPS method calculates the particle movements given the condition that the number density of particles is constant; therefore, the MPS method is suitable for simulating the incompressible flow in the space. Several researchers, such as Yamasaki (2014) and Yuhashi et al. (2016) , have investigated the industrial applications of the MPS method.
The second characteristic of condensed water in evaporators is that its flow field ranges from a few micrometers to millimeters, which is quite small. At such a small scale, viscous and surface tension forces are dominant in the flow field. The continuum surface force (CSF) model developed by Brackbill et al. (1992) , which uses the continuum equations, is employed widely for the simulation of surface tension and wettability. Researchers have studied droplet simulation using the CSF model in the MPS method; for example, Nomura et al. (2001) simulated droplet breakup, and Xie et al. (2007) simulated droplet impingement. However, the potential models that introduce inter-particle forces among all the particles are also used for surface tension and wettability. The potential model can stabilize calculations because the attractive forces act upon the particles that tend to move apart. Shirakawa et al. (2001) developed a potential model in the MPS method, and Tartakovsky and Meakin (2005) introduced a potential model in SPH simulations. Kondo et al. (2007a Kondo et al. ( , 2007b ) developed a potential model that did not require parameter fittings. The model of Kondo et al. (2007a Kondo et al. ( , 2007b required to input the value of the static contact angle for reproducing the wetting on a solid wall. Therefore, the model of Kondo et al. (2007a Kondo et al. ( , 2007b is also used as a general surface tension and wettability model in numerical calculations of the MPS method.
To determine boundary conditions when using the MPS method, the walls are usually represented with multiple layers of fixed particles. However, the calculation cost becomes high when the fixed particle method is applied to a complicated shape. To address this problem, Harada et al. (2008) developed a polygon wall model, which could treat the wall as a series of polygons instead of making many fixed particles. The polygon wall model developed by Harada et al. (2008) is necessary to simulate complicated shapes of actual products in practical calculation times; therefore, the polygon wall model has become important for industrial applications. Zhang et al. (2015) and Matsunaga et al. (2018) improved the polygon wall model of Harada et al. (2008) . Studies of wettability on the polygon wall without using wall particles have been performed by Murozono et al. (2009 ), Ishii and Sugii (2012 ), and Hattori et al. (2016 ; these researchers successfully reproduced static wettability in the equilibrium state by using the MPS method. The models of Kondo et al. (2007a Kondo et al. ( , 2007b and Harada et al. (2008) are also described in the reference of Koshizuka et al. (2018) .
As shown in Fig. 1 , when a small droplet is placed on the horizontal plane at an equilibrium state with the static contact angle , and the plane is gradually inclined, the droplet can remain attached without immediately sliding down depending on the conditions. Such phenomena are observed in nature, for example, when rain droplets stay attached to the window or the windshield of a car. As long as the inclination angle of the plate is low or the droplet is tiny, the droplet stays attached to the wall without moving. However, as the inclination angle increases, the droplet begins to slide after reaching a specific angle. This angle is called the critical sliding angle. When a droplet slides on the plate, the various values of the contact angles differ from the static contact angles, and these changing angles are called the dynamic contact angles. The angles in the front and the end of the droplet are called the advancing contact angle and the receding contact angle , respectively. Generally, is larger than , and a forward inclination of the droplet is observed. This is called the contact angle hysteresis.
When the polygon wall model of Harada et al. (2008) and the potential model of Kondo et al. (2007a Kondo et al. ( , 2007b for surface tension and wettability are combined, the simulated droplet starts sliding on a wall as soon as the wall is inclined even slightly. This means that the critical sliding angle cannot be reproduced. Furthermore, the forward inclination of a droplet itself, that is, the contact angle hysteresis, cannot be reproduced. These results are caused by the polygon wall model of Harada et al. (2008) and the potential model of Kondo et al. (2007a Kondo et al. ( , 2007b , assuming that the wall surface is smooth, and the effects of the roughness or the adhesion are not considered. Therefore, Hattori et al. (2018) developed the numerical models of the forces acting from the wall to the fluid caused by the features of the wall surface, such as the roughness. The model of Hattori et al. (2018) successfully reproduced the phenomena of a droplet staying attached on the slightly inclined surface and sliding down at a specific angle of inclination; their model also reproduced the forward inclination of a droplet when sliding down on the wall, that is, the contact angle hysteresis. However, the model of Hattori et al. (2018) was evaluated only for a single droplet in two dimensions. In addition, the model had a problem that the droplets with different volumes could not be simulated correctly. In nature, a large droplet starts sliding down at a lower inclination angle than a small droplet. This phenomenon was quantitatively studied by experiments or by theoretical analysis (Ryley and Ismail, 1978; Krasovitski and Marmur, 2005; Katoh et al., 2006; Pierce et al., 2008 ), but the model by Hattori et al. (2018) could not simulate this phenomenon. Furthermore, the inclination degree of the forward inclination of a droplet became smaller than the actual phenomenon when the model by Hattori et al. (2018) was used in the simulation.
In this study, to solve the problems mentioned above, improved wall boundary models are developed from Hattori et al. (2018) by considering the details of the forces acting from the wall to the droplet. The differences between the model of Hattori et al. (2018) and the present models can be summarized in two points: a) both the static and dynamic friction models of Hattori et al. (2018) are improved by considering the forces acting on the contact curve of the droplet and wall surfaces (i.e., the contact line) and b) a hybrid model is introduced to switch the static and dynamic friction models and reproduce both the droplet sliding velocity and critical sliding angle by three-dimensional simulations. The changes in the contact angles are considered when the droplet is at an inclined state. Three-dimensional simulations are performed for various droplets with different volumes by using the developed models to analyze the droplet retention and sliding on an inclined surface. It is noted that the gas phase is not modeled in this study; therefore, gas particles are not used in the calculations. The relationship between the droplet volume and the critical sliding angle and the relationship between the inclination angle of a slope and the droplet sliding velocity are compared with the experimental results.
Calculation model 2.1. Governing equations
The following Navier-Stokes equations that include the surface tension effect are used as the governing equations:
,
where is the density of the fluid; is the velocity vector; is the pressure; is the kinetic viscosity; is the gravitational acceleration vector; and is the surface tension vector. The surface tension is given as a volumetric force.
Calculation models for the MPS method 2.2.1 Pressure gradient term
The pressure gradient in the pressure gradient term of particle is discretized by using the symmetric pressure gradient formulation developed by Oochi et al. (2010) as ,
( 2) where is the dimension number of the space; is the standard value of the particle number density; is the relative position vector for the direction from particle to particle (or ); and is the distance between particles and (or ). Here, is a weight function defined as ,
where is the effective radius of the weight function. In this study, we assume that , where is the initial particle distance. Fig. 1 Schematic of the droplet shape on an inclined plate. After reaching a particular inclination angle , the droplet begins to slide down with a forward inclination. , , and denote the static, advancing, and receding contact angles, respectively. Hattori and Koshizuka, Mechanical Engineering Journal, Vol.6, No.5 (2019) [DOI: 10.1299/mej.19-00204]
Viscosity term
The Laplacian of the velocity vector in the viscosity term of particle is discretized by using the weight function in the following equation:
where is the coefficient to keep the variance increase in the variable distribution and the analytical solution (Koshizuka and Oka, 1996) .
Surface tension term
For the surface tension calculation, the potential model proposed by Kondo et al. (2007a Kondo et al. ( , 2007b is used. The force of surface tension acting on particle is given as follows by using the potential function :
.
In this study, the potential function is as defined by Kondo et al. (2007a Kondo et al. ( , 2007b :
where is the coefficient. The potential force using this function acts as an attractive force when , and it becomes a repulsive force when . is evaluated by the theoretical study in Kondo et al. (2007a Kondo et al. ( , 2007b . Their theory was based on that the surface tension provided the energy to form the interface. The coefficient is calculated by the following equation: ,
where is the surface tension of the fluid; is a set of particles in the region of a line normal to the interface at fluid 1; and is a set of all particles in fluid 2 when we consider two types of fluids; fluid 1 and fluid 2. To simulate the wettability on the solid plate, two values for the coefficient need to be considered separately: the value at the fluid-solid interface and the value between the fluids . Here, their relationship is given by Young's equation using the contact angle :
(8)
Polygon wall model
The polygon wall model proposed by Harada et al. (2008) for the MPS method considers the effect of the wall by using the wall weight function described below instead of using the fixed particles as the wall boundary:
where is the distance from fluid particle to the wall; is the wall region; and contains all the simulated particles located virtually in the wall region. Hattori and Koshizuka, Mechanical Engineering Journal, Vol.6, No.5 (2019) [DOI: 10.1299/mej.19-00204]
Pressure gradient term in the polygon wall model
In the boundary conditions of the polygon wall model of Harada et al. (2008) , the pressure gradient of fluid particle near the wall was calculated separately in two components by considering the effects from other fluid particles and the wall. For calculating the effects from the wall, the wall weight function was used. In this study, the symmetric pressure gradient model of Oochi et al. (2010) is employed in the polygon wall model presented by Harada et al. (2008) :
where is the fluid region; and is the pressure of the particle located virtually in the wall region. In this study, is assumed to be equal to .
Viscosity term in the polygon wall model
The Laplacian of the velocity vector that appears in the viscosity term in the polygon wall model is described as follows (Harada et al., 2008) :
where is the velocity of the particles located virtually inside the wall region. To apply the no-slip condition on the wall, the following condition is given:
(12)
Surface tension term in the polygon wall model
The forces due to the surface tension and the wettability of particle with the polygon wall can be calculated using the model given by Murozono et al. (2009) . From Eq. (5), the surface tension and the wettability of particle from the wall is described as
Here, similar to the wall weight function defined in Eq. (9), the wall weight potential function is introduced to take into account the effect from the wall:
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Calculation model to reproduce droplet behavior on an inclined surface 3.1 Static friction model
As shown in Fig. 2 , Hattori et al. (2018) focused on the magnitude of the gravitational force component parallel to the wall, which acted on the fluid particle on the slope; this force component was zero if the inclination angle stayed within a certain threshold. However, in the calculation model of Hattori et al. (2018) , the threshold value where the sliding down starts depends on the inclination angle of the slope and the initial particle distance. Therefore, as shown in Fig. 3 , if there are two droplets with the same initial particle distances but with different droplet volumes, the droplets start sliding down at the same inclination angle; this is in disagreement with the natural phenomena (Ryley and Ismail, 1978; Katoh et al., 2006) . In this study, the model given by Hattori et al. (2018) is improved to reproduce the differences among the critical sliding angles for different droplet volumes.
The detailed mechanism to keep the droplets attached on the inclined surface is discussed. As shown in Fig. 4 , the contact area between the droplet surface and the wall is surrounded by the contact line, and the surface tension acts on the contact line. Note that the contact line is formed by connecting two points on two sides of a droplet (see Fig. 4 ) in two dimensions. As shown in Fig. 5 , at the receding side of the droplet, the resistance force, which is balanced with the force acting on the droplet to make it slide down, acts in the opposite direction; this resistance force keeps the droplet attached. This can be understood as a phenomenon similar to the static friction force that acts on a solid on the inclined slope in solid mechanics. As the inclination angle of the slope increases, the gravitational force that makes the droplet slide down becomes large, and the droplet finally slides down when the gravitational force exceeds a critical value. To reproduce this phenomenon, this study focuses on the changes in the contact angles. When a droplet stays attached and is in the equilibrium state on the horizontal plane, the contact angle formed is equal to the static contact angle . When the plane starts to be inclined, the droplet is pulled down by the effect of the gravitational force and inclines forward. This changes the contact angles from the static one. The contact angle formed at the front end of the droplet, that is, the downward side of the slope becomes larger than the static contact angle. In addition, the contact angle formed at the back end of the droplet, that is, on the upward side of the slope becomes smaller than the static contact angle. Then, a critical value of the contact angles to make the droplet start sliding down is denoted by . As shown in Fig. 6 , when the difference between the formed contact angle and the static contact angle is within a certain threshold , the resistance force to keep the droplet attached acts on the droplet. The detailed calculation procedure is discussed. Figure 7 shows the schematic diagram of the proposed model. When the vector normal to the wall is denoted by , and the vector normal to the droplet surface is denoted by , the angle formed between the droplet surface and the wall, that is, the contact angle is described as .
Equation (15) is used to determine the current contact angle in the calculations. Regarding the accuracy of this procedure, it was validated for static benchmarks by Hattori et al. (2016) . Here, the velocity of the fluid particle on the wall is forced to be zero when the contact angle is within a certain range, i.e., the tentative velocity of the fluid particle becomes zero: Fig. 2 Schematic of the model used by Hattori et al. (2018) . denotes the mass of the fluid particle Fig. 3 The problem of the model of Hattori et al. (2018) . The droplets of different volumes slide down at the same inclination angles.
Hattori and Koshizuka, Mechanical Engineering Journal, Vol.6, No.5 (2019) where is the tentative velocity of particle . This condition is applied for all the fluid particles existing on the contact lines. We call this model the static friction model.
Dynamic friction model
Next, the calculation model to reproduce the forward inclination and the sliding velocity of the droplet is discussed. The forces act from the wall when the droplet moves. These forces are considered to be caused by wall surface features, such as roughness; however, the models proposed by Harada et al. (2008) and Kondo et al. (2007a Kondo et al. ( , 2007b do not consider the forces from the wall caused by the surface roughness. Hattori et al. (2018) developed the model to give the forces proportional to the droplet sliding velocity as the viscosity forces from the wall. In this study, the additional resistance forces between the sliding droplet and the wall are introduced. Figures 8(a) and (b) show the schematics of the resistance forces in the vicinity of the receding/advancing contact angle. Relatively strong resistance forces act on the contact line and cause the forward inclination of the droplet. In the model given by Hattori et al. (2018) , the resistance forces proportional to the velocity were introduced on all the fluid particles on the wall. However, in the present model, the resistance forces proportional to the velocity act on the fluid particles only on the contact line. The resistance force is considered to act in a direction normal to the contact line. The velocity vector component normal to the contact line is extracted, and the resistance force proportional to the normal velocity is given in the opposite direction. Figure 9(a) shows the schematic diagram of the model proposed by Harada et al. (2008) and Kondo et al. (2007a Kondo et al. ( , 2007b , i.e., the polygon wall model with the no-slip boundary condition and the surface tension with potential Hattori and Koshizuka, Mechanical Engineering Journal, Vol.6, No.5 (2019) [DOI: 10.1299/mej.19-00204] model. Figure 9 (b) shows the model proposed by Hattori et al. (2018) , and Fig. 9(c) shows the model proposed in the present study. Next, the details of the calculation of the present model are described. As shown in Fig. 10 , when a fluid particle on the contact line moving with a velocity is considered, the normal vector component of the fluid particle parallel to the wall is , where is the normal component of the velocity vector on the contact line. Similar to the model presented by Hattori et al. (2018) , this force is calculated as the viscosity term in the polygon wall model:
where is a model parameter and the term using is added. Here, we call this model the dynamic friction model. In the model of Hattori et al. (2018) , the parameter is effective for all fluid particles on the wall. In contrast, in the present model, the parameter is effective for the fluid particles only on the contact line. Therefore, although both parameters in the model of Hattori et al. (2018) and the present model work as the resistance forces, each of the values of parameter are different. It is noted that both the static and dynamic friction models are applied for the same set of particles, which are only the particles existing on the contact line as shown in Fig. 8(c) as a red line, not the contact area.
Hybrid model of static friction model and dynamic friction model
Although the static friction model discussed in Sec. 3.1 is applicable to droplets in the static state, such as droplet retention on an inclined plate, and the dynamic friction model discussed in Sec. 3.2 is applicable to droplets in the dynamic state, such as droplet sliding, both models are required to simulate both phenomena of static and dynamic simultaneously. However, when both the static and the dynamic friction models are applied simultaneously in the calculation, the sliding velocity becomes too slow compared with the actual phenomena because of the resistance forces caused by both models. Therefore, in this study, a hybrid model is presented in which the dynamic or static friction models can be applied depending on the velocity of the fluid particle. In the hybrid model, critical velocity is introduced to switch these two models, and the static friction model is applied if the velocity of the fluid particle is Fig. 9 Schematic of the resistance forces (dynamic friction model). Hattori and Koshizuka, Mechanical Engineering Journal, Vol.6, No.5 (2019) [DOI: 10.1299/mej. less than or equal to . The dynamic friction model is applied if the velocity of the fluid particle is greater than . The detailed procedure for determining the value of is described in Sec. 4.2.
Calculation algorithm of fluid flow
In the MPS method (Koshizuka and Oka, 1996) , a semi-implicit algorithm is used, and the calculation is performed in two steps. The pressure gradient term is calculated implicitly, while the other terms are calculated explicitly. In this study, this algorithm is used for the calculation. First, with the exception of the pressure gradient term, the tentative velocity and the tentative position of fluid particle are calculated as ,
where the upper right character denotes the current iteration. Next, the pressure gradient term is calculated implicitly as follows:
and the particle position at the next iteration is calculated by .
In this study, in Eq. (11) is calculated by using the static friction model discussed in Sec. 3.1, the dynamic friction model discussed in Sec. 3.2, or the hybrid model discussed in Sec. 3.3.
Droplet behavior on an inclined plate 4.1 Critical sliding angle
The critical sliding angle is calculated by using the static friction model discussed in Sec. 3.1. For the simulation, the commercial software Particleworks version 6.1.2 developed by Prometech Software, Inc. was used, and the simulations were performed in three dimensions. The static and dynamic friction models proposed in this study were implemented in Particleworks as a customized program using Particleworks SDK (Software Development Kit). The geometry of the calculations is shown in Fig. 11 . For the initial condition, a droplet is placed on a horizontal plane plate, and the condition is maintained for s to realize the equilibrium state. Then, the plate starts being inclined at the rotational speed of °/s. The droplet is assumed to be water at the atmospheric temperature. The static contact angle is set to °. To validate the calculation results against the results obtained by Katoh et al. (2006) , the model parameters fitting is performed. The parameter is defined by using the critical sliding angle in the experiment. In this study, is fitted to realize the critical sliding angle of ° for the droplet of 40-mm 3 size (to reproduce the result obtained by Katoh et al. (2006) on a Teflon surface). Figure 12 shows the critical sliding angle with respect to the value of the parameter . When the parameter is set to °, the critical sliding angle becomes °. Therefore, ° is used in this study. The calculation conditions are shown in Table 1 . Eight droplet sizes are examined simultaneously (see Table 2 ). It is noted that the values of the droplet diameter and volume in Table 2 are those of the sphere-shaped droplet. In the calculation in this section, the static friction model is used. The purpose of this section is only to determine, by means of simulation, the critical sliding angle at which movement starts. Figure 13 shows the calculation results of the model by (a) Harada et al. (2008) and Kondo et al. (2007a Kondo et al. ( , 2007b , (b) Hattori et al. (2018) , and (c) the present study with °; we can see the behavior of the droplets on the plates. In the calculation results using Harada et al. (2008) and Kondo et al. (2007a Kondo et al. ( , 2007b , the droplet starts moving as soon as the plate is inclined slightly; the droplets cannot stay attached to the plate. Using the model given by Hattori et al. (2018) , the droplets remain attached to the plates; however, all the droplets start moving simultaneously as soon as the plates reach a certain inclination angle. However, using the model proposed in this study, the droplets remain attached until a certain inclination angle. The largest droplet starts sliding down at certain inclination angle. As the inclination angle increases, smaller droplets slide down. These results match qualitatively with the actual phenomenon. Table 1 Calculation conditions. Fig. 11 Schematic of the calculation for the critical sliding angle. Table 2 Calculation conditions of droplets. Fig. 12 Droplet sliding velocity with respect to parameter . Hattori and Koshizuka, Mechanical Engineering Journal, Vol.6, No.5 (2019) [DOI: 10.1299/mej.19-00204] Figure 14 shows the critical sliding angles, that is, the angles at which the droplet starts sliding down, for various droplet volumes. The results obtained from the models of Harada et al. (2008) and Kondo et al. (2007a Kondo et al. ( , 2007b , Hattori et al. (2018) , and the model proposed in this study are shown. In the models of Harada et al. (2008) and Kondo et al. (2007a Kondo et al. ( , 2007b , the critical sliding angles become zero for all droplets with different volumes. The model of Hattori et al. (2018) reproduces the critical sliding angles of the droplets by using parameter fittings; however, the critical sliding angles remain constant even when the droplet volumes are different. The static friction model proposed in this study can reproduce the experimental result that the critical sliding angle decreases when the droplet volume increases. The calculation results are in good agreement quantitatively with the experimental results. The contact angles of the large droplet change fast because of the gravitational effect and reach a critical value earlier. As a result, the present model reproduces the critical sliding angle well. The difference between the calculation and the experiment becomes large when the droplet volume is small. This is because the particle size becomes relatively large for the droplet size. Hattori and Koshizuka, Mechanical Engineering Journal, Vol.6, No.5 (2019) [DOI: 10.1299/mej.19-00204]
Droplet inclination and sliding velocity
Next, the dynamic behavior of the droplet is calculated by using the dynamic friction model discussed in Sec. 3.2. Simulation is performed in which the droplet is located at the on top of the plate with a fixed inclination angle. Four inclination angles (i.e., °, °, °, and °) are tested. The droplet size is 4.7 mm, as in Puthenveettil et al. (2013) . The static contact angle is set to ° (cf. Puthenveettil et al., 2013) . After the droplet starts moving, it gradually accelerates and reaches a constant velocity to balance with the resistance from the wall. This constant velocity is considered to the droplet sliding velocity. In Puthenveettil et al. (2013) , the droplet sliding velocity at the inclination angle of ° was 0.37 m/s. To reproduce this phenomenon, the model parameter in this study is fitted to realize the sliding velocity in the experiment. Figure 15 shows the parameter fittings in the model proposed in this study. When the parameter , the sliding velocity becomes 0.37 m/s at the inclination angle of °; therefore, the parameter is used for other conditions of the inclination angle. Figure 16 shows the droplet shapes obtained at the inclination angle of ° using the models proposed in (a) Harada et al. (2008) and Kondo et al. (2007a Kondo et al. ( , 2007b , (b) Hattori et al. (2018) , and (c) the present study. With the model proposed by Harada et al. (2008) and Kondo et al. (2007a Kondo et al. ( , 2007b , the droplet inclination is not observed. With the model by Hattori et al. (2018) , a slight inclination is seen; however, the degree of the inclination is much smaller than that in Puthenveettil et al. (2013) . With the model proposed in this study, a large droplet inclination is seen; this is close to the result in the experiment by Puthenveettil et al. (2013) . The shape of the droplet from the upper view normal to the plate is similar to the droplet shape seen in nature. Figure 17 shows the vectors of the resistance forces that act on the particles on the wall in the calculation for the model by Hattori et al. (2018) and the model proposed in this study. According to the model by Hattori et al. (2018) , the resistance forces include not only the fluid particles at the contact line but also the internal fluid particles on the wall. The directions of the forces are almost opposite to the sliding for all the fluid particles on the wall. However, according to the model proposed herein, the resistance forces are calculated only on the fluid particles on the contact line. Furthermore, the directions of the forces are normal to the contact line.
In addition to the parameters and , also requires tuning. The parameter is determined using the droplet sliding velocity in the experiment. In this study, is fitted to realize the droplet sliding velocity of 0.37 m/s at an inclination angle of °. The droplet sliding velocity becomes 0.37 m/s when the parameter m/s; therefore m/s is used in this study. Figure 18 shows the droplet sliding velocity with respect to the value of the parameter . The droplet sliding velocity decreases when increases. The droplet sliding velocity is dependent on both and . Thus, the combination used in this study has other solutions to satisfy the sliding velocity of 0.37 m/s. The general droplet shape is reproduced by the present model. Hattori and Koshizuka, Mechanical Engineering Journal, Vol.6, No.5 (2019) [DOI: 10.1299/mej.19-00204] Figure 19 shows the results of the droplet sliding velocities for four inclination angles of the slope: °, °, °, and ° using the standard MPS model of Harada et al. (2008) and Kondo et al. (2007a Kondo et al. ( , 2007b , Hattori et al. (2018) , and the hybrid model with m/s in the present study. With the standard MPS method of Harada et al. (2008) and Kondo et al. (2007a Kondo et al. ( , 2007b , the droplet slides down at a very high speed. With the model proposed by Hattori et al. (2018) , the sliding velocities for the inclination angles of °, °, and ° agree well with the experimental results of Puthenveettil et al. (2013) . However, the low velocity on the inclination angle of ° in the experiment cannot be reproduced. On the other hand, by applying the hybrid model, the low velocity at the inclination angle of ° can be reproduced, and the calculation results show good agreement with the experimental results. The actual phenomena, that is, high velocity of sliding on the large inclination angle, low velocity of sliding on the low inclination angle, and droplet retention on the plate under the critical sliding angle, are reproduced by using the hybrid model. In the experiment, the droplet sliding velocity on the inclination angle of ° cannot be reproduced with the model proposed by Hattori et al. (2018) . However, the velocity on the inclination angle of ° in the experiment can be reproduced with the present model. In the present model, the static state of the droplet is also considered because this model consists of both static and dynamic friction models. Due to the effects of the static friction model, the velocities of some fluid particles near the wall become zero at the inclination angle of °, causing the droplet sliding velocity to decrease.
Next, the calculation results with varying initial particle distances are shown. The calculations are performed with the values of 0.2, 0.3, 0.4, 0.5, and 0.6 mm with m/s. When the parameter fittings are performed to realize the sliding velocity of 0.37 m/s at the inclination angle of °, the value of for each condition is as shown in Fig. 20. Figure 21 shows the droplet shapes while sliding under the conditions of = 0.2, 0.4, and 0.6 mm. Each Hattori and Koshizuka, Mechanical Engineering Journal, Vol.6, No.5 (2019) [DOI: 10.1299/mej.19-00204] droplet shows the forward inclination of the droplet, and the forward inclination becomes clear when is small. This means that the forward inclination can be reproduced with high accuracy when is small. In Fig. 20 , the approximate curve for is described as .
If Eq. (22) is applied in Eq. (17), the present model can be used for the various values, and the model becomes useful for various applications. It is noted that the parameter does not necessarily only depend on . There may be dependencies on other physical quantities such as density, viscosity, and surface tension of the fluid. This will be investigated in future work.
Conclusion
To predict the behavior of a droplet on the inclined wall by using numerical simulation, three wettability models in the MPS method are developed to reproduce the phenomena of droplet retention on an inclined surface and of the sliding with the forward inclination. The first model, called the static friction model, focused on the changes in the contact angle of the droplet when the plate is inclined. This model has a critical value for the difference between the formed contact angle and the static contact angle, and gives zero velocity to the fluid particles on the wall if the contact angles lie within the critical value. By using this model, the droplet retention on the plate at a low inclination angle and the droplet sliding on the plate at a high inclination angle (i.e., the critical sliding angle) can be reproduced. Furthermore, the phenomenon when the droplet starts sliding down at a lower angle of inclination of the slope if the droplet size is large is reproduced. The simulation results quantitatively agree well with the experiments by Katoh et al. (2006) .
To reproduce the forward inclination of the droplet and the sliding velocity, the second wall boundary model, called the dynamic friction model, is developed. This model introduced the resistance forces acting on the contact line. The resistance force is proportional to the velocity of the fluid particle, and the direction of the resistance force is normal to the contact line. A hybrid model is proposed to switch two models at m/s as the third wall boundary model. Three-dimensional calculations are performed by using this hybrid model, and the results show good agreement quantitatively with the experiments by Puthenveettil et al. (2013) .
The boundary models developed in this study have a model parameter . The value of this parameter needs to be given by adjusting the experimental results. The theoretical definition of this model parameter needs to be considered in future studies. In addition, these models are validated only on the droplets on the plane surface. For application in industries, further research is required on the methods used to predict behavior of water droplets on the walls of complicated shapes.
Fig. 21
Droplet shapes with changing initial particle distances 0 . Fig. 20 Parameter with respect to initial particle distance 0 .
